the use of multilayered designs in which metal absorption is almost suppressed, as the analysis of the electric field intensity distribution demonstrate. The feasibility of the proposed mirrors is demonstrated by their actual fabrication by large area deposition techniques amenable for mass production.
Introduction
For numerous applications in the field of solar energy, management of sunlight is achieved by means of broad band highly reflecting mirrors. Such is the case, for instance, in concentrated solar power (CSP) plants, [1] photovoltaic [2] and thermophotovoltaic systems, [3] and even in sophisticated radiative cooling units. [4] In the case of CSP, ultra-broad band (300 nm<<2500 nm) reflection is actually required, since energy conversion efficiency depends strongly on the ability to concentrate the full solar spectrum onto the fluid carrying absorber tube at the solar receiver. Due to their high reflecting properties in most of the solar irradiance band, silver mirrors have been so far the preferred choice for this purpose. [5] Silver coatings on glass are usually realized by either sputtering or chemical bath deposition, both processes are suitable for mass production and hence compatible with the large surface coverage required for the above mentioned applications. Apart from high reflectivity, solar mirrors require to be durable for long periods of time and resist the typically harsh environmental conditions under which they operate in the open field, such as wind, dust, moisture or rain. This motivates that most commonly found solar mirrors present a second face configuration, i.e., the reflecting coating is deposited on extra clear glass and then backward protected with a layer of varnish. A scheme of the system can be found as Electronic Supplementary Information ( Figure S1 ). By protecting the silver coating in this way, its exposure to the environment, and hence its degradation, i.e., tarnishing, is prevented. [6, 7] With the second face configuration and assuming extra clear glass, the maximum reflected power achievable amounts to approximately 95% of the total solar luminous power received by the mirror. [8] Sources of loss are the poor UV and blue reflecting properties of the silver coating, highly absorbing in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 that spectral range, and the residual absorption of the sheltering glass, unavoidable even in the clearest ones commercially available. [9] Although silver mirrors have demonstrated to perform well as solar reflectors, it would be desirable to employ other less expensive metals for this purpose, such as aluminum or copper, whose prices are around two orders of magnitude lower than that of silver. Unfortunately, both have been discarded until now, due to their poor reflectance for wavelengths below 1000 nm. Although it is well known that a metal reflector can be enhanced by coating it with a layered dielectric structure, [9, 10] the question of whether or not optical interference effects occurring within realistic metal-dielectric mirrors can give rise to full sunlight reflection values similar to or even higher than silver reflectors remains unanswered. The solution to this problem depends both on the existence of a design capable of reaching those high reflectance values and on the actual feasibility of the proposed design.
Herein we show that metal-dielectric coatings based on alternative inexpensive metals, such as copper or aluminum, can be devised and realized to achieve highly efficient solar mirrors that can outperform silver based ones.
The champion structures are in all cases made of a metal thin film coupled to an aperiodic dielectric multilayer, whose structure has been optimized to maximize full solar spectrum reflectance and minimize the absorption occurring in the metal. The multilayer is first deposited on an extra clear glass and subsequently coated by a metal film. With this approach, mirrors capable of reflecting as much as 93% of the sunlight power they receive are fabricated.
Central to the concept herein proposed is the optimization procedure employed, based on the analysis of a substantial number (10 8 ) of potentially highly reflecting solar mirrors through a code based on a genetic algorithm, which renders stable solutions for the fittest mirrors after ca. 10 6 iterations. Tolerance of the optimized designs to different degrees of deviation with respect to the ideal building parameters is also analyzed, confirming the robustness and viability of the approach herein proposed. The actual realization of some of the paradigmatic designs described yields what can be considered, to the best of our knowledge, the highest 
Results and discussion
A sound and unambiguous figure of merit to evaluate the performance of a solar mirror is the solar spectrum weighted integrated reflectance (SSWIR), defined as: TiO 2 can be combined in multilayers to achieve highly reflecting stacks and can be prepared employing a wide variety of techniques. [11] [12] [13] The spectral dependence of the optical constants of all materials considered was provided by Fraunhofer FEP (manufacturer) and can be found in Figure S2 . Calculations start by considering a single metal oxide layer on extra clear glass and a metal coating. Subsequent metal oxide layers are gradually added following a procedure that is described in full detail in Figure S3 . In brief, the first set of individuals of a specific generation of solar mirrors containing N layers is attained by random combination of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 characteristics of those belonging to the previous generation (and hence having N-1 layers)
that had displayed better performance, i.e., a higher figure of merit. Subsequent crossing yields a new set of fittest individuals, which are in turn hybridized to create the (N+1) layer generation. The optimization stops when a stable value of SSWIR is attained, i.e., no improvement is observed after adding a new layer to the system. To minimize dependence of the optimized design on the initial conditions and its specific stochastic evolution, the abovementioned process is repeated 2 10 times for 2 9 initial populations. With this amount of threads, a constant standard deviation over the whole set is ensured ( Figure S4 ).
The evolution of the optimized SSWIR, calculated for a series of metal-dielectric multilayers as a function of the number of layers in the stack, is plotted in Figure 1a , and they are compared with reflectance of the standard silver mirror. In this case, the mirrors are devised to
show maximum integrated specular reflection at 20 o incident angle, although they can be designed to perform optimally for an arbitrary direction of incident light. Interestingly, mirrors made out of copper, although of very poor performance when only the metal reflection is considered (SSWIR = 78.5 %), reach SSWIR values higher than those attained with silver mirror (dashed line in Figure 1a ) after adding a multilayer (95.0% versus 92.6%).
In addition, they perform better than optimized aluminum based mirrors (94.2%), whose broad absorption band makes more difficult to find a structure that can compensate for those optical losses. In general, SSWIR saturates when N>20, although the specific value depends on the particular mirror under consideration. Please notice that, since the reflectance of the system depends on the constructive interference between beams being partially reflected at each interface present in the stack, the values of all layers are constantly being revised. So, although the number of layers grows continuously, the total thickness might not, and could even decrease. This effect is shown in Figure S5 . In Figure 1b the actual sequence of layers for the optimized copper-(top panel) and aluminum-based (bottom panel) solar mirrors is explicitly shown, layers composition and layers thickness are described in Table S8. It should   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 also be remarked that a mirror with similar performance could be built by using exclusively dielectric multilayers. However, this would imply the use of hundreds of layers even with high refractive index contrast layers, [14] and not just a few tens like in the designs herein reported. The calculated reflectance spectrum at the incidence angle of choice, of the best solar mirrors attained for each one of the metal-dielectric combinations are plotted in Figure   1c along with the AM1.5 solar irradiance spectrum. The comparison between them reveals that the optimization process gives rise to structures that present reflectance minima located at the same spectral positions at which the atmosphere strongly absorbs the incoming radiation.
The wavelength at which each one of these dips occurs blue-shifts with increasing angle of incidence. In principle, this could affect the performance at angles different to those for which the solar mirror reflectance was optimized. Figure 1d shows the SSWIR as a function of the incident angle for the best copper and aluminum based solar mirrors together with the angular response of a standard silver mirror.
A remarkable feature of the design herein presented is the minimization of the optical losses caused by absorption within the metal layer. This is achieved by diminishing the electromagnetic field intensity within the metal at those wavelengths for which it presents higher losses. In practical terms, the high broad band reflection is the result of the combined effect of the metal and the multilayer. The design of the multilayer is such that allows NIR wavelengths to reach the metal, as it presents no losses and a high reflectivity in that range. In the visible and UV regions, where the metal presents a higher extinction coefficient, the dielectric multilayer reflects more effectively. This can be explicitly seen in Figure 2a , in which we plot the absorptance of a self-standing copper layer (grey solid line) and compare it to that of the optimized solar mirror herein reported (black solid line). The AM1.5 solar irradiance spectrum is drawn for the sake of comparison. The power absorbed by metal layer is evaluated using the expression: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 where  is the angular frequency, E(x, ) the electric field and n() and k() are the spectrally dependent real and imaginary parts of the refractive index of the metal. The corresponding spatial distributions of the normalized electric field intensity along the selfstanding and the multilayer coated metal films are plotted in Figure 2b and 2c, respectively. In all cases, light impinges from below and first encounters the metal at the position labeled as zero. In can be readily seen that metal absorptance is largely diminished in the UV and visible range of the spectrum for the case of the metal film coupled to the dielectric multilayer in the solar mirror. Interestingly, it is reinforced at some specific near infrared frequencies which, however, do not contribute to the losses as they coincide with spectral ranges at which the solar irradiance on the Earth surface vanishes. This is the reason why the solar spectrum weighted absorptance (SSWA) is practically null at those specific longer wavelengths, regardless the configuration in which the metal film is used, as it can be seen in the series of Figure 2d and 2f. How the mirror design prevents the ultraviolet and visible electromagnetic fields to reach the metal can be inferred from the scheme of the optimized copper based mirror drawn in the upper panel of Figure 1b . In it, the thinnest layers of any composition tend to be further away from it, hence giving rise first to efficient short wavelength reflection and letting the rest of sunlight frequencies propagate through the multilayer. Dielectric layers tend to be gradually thicker as the metal layer is approached, favoring near infrared reflection from deeper parts of the mirror. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 In order to evaluate the viability of the proposed designs, we had metal-dielectric multilayer mirrors manufactured by pulsed magnetron sputtering at the Fraunhofer Institute for Organic Electronics, Electron Beam and Plasma Technology FEP, whose physical vapor deposition facilities can be subcontracted to realize a pre-designed structure. In this laboratory, large substrates areas (up to 60 cm x 120 cm) can be uniformly coated and the thickness of each film in the stack can be determined with a precision of 1% to 3% of the nominal thickness.
Full details can be found in the Experimental section. Figure 4 displays images of manufactured copper-based mirrors. A 22 layer copper-dielectric multilayer was the preferred choice as a greater performance as solar reflectors is expected from the calculations. Figure 4b shows a view of the back side, from which the colored copper layer deposited can be observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 tabulated frequency dependent refractive indexes of the materials employed and those of the actual layers finally deposited. For instance, it has been observed that thicker titania layers tend to have a higher crystallinity than thinner ones, thus influencing its optical properties.
Regarding the mirror stability, in principle, copper-based mirrors should show as much durability as silver ones, as they can be devised to present the same level of front and rear protection. In order to prove so, a sample of the copper-based second face mirror was exposed to actual environmental operation conditions in the solar field for one year, no degradation in the materials or their performance being detected whatsoever. Figure S7a and S7b show the evolution of the SSWIR of the mirror exposed to the environment, superimposed to the recorded variations of temperature and humidity, respectively, during the same period. Figure   S7c displays a picture of the mirror taken after such exposure.
Experimental Section
Numerical Simulations: A homemade code based on a combination of the transfer matrix formalism [15] (to calculate de optical response of the sample structure) and a genetic algorithm (to search for the optimum target value, highest SSWIR) was developed.
Multilayer Deposition: The coatings were prepared by pulsed magnetron sputtering in the inline coating machine ILA750 (component length 750 mm) in dynamic mode with moved substrates. For the deposition of the metallic layers Cu and Al, single magnetron systems were used. In case of the dielectric materials SiO 2 and TiO 2 , reactive pulsed sputtering with dual magnetron systems was applied. The main sputtering parameters are given in the Table 1.
Note that the chosen set of parameters is optimized for a long term stable and reproducible deposition of multilayer stacks.
Optical Characterization: The reflection properties in the full solar spectrum wavelength range at variable angles were studied by using an Universal Measurement Accessory (UMA)
attached to an UV-Vis-NIR Spectrophotometer (Cary 5000). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Structural Characterization: FESEM images of cross sections of the films were taken with a Hitachi S4800 microscope operating at 2 kV.
Conclusions
We have demonstrated that it is possible to design and manufacture metal-dielectric multilayered solar mirrors that can outperform silver reflectors commonly employed in thermosolar and photovoltaic systems. An optimization code based on a genetic algorithm allowed us analyzing 10 8 structures and found the configuration that presented the best reflection properties among them. Copper-based mirrors were shown to display the best properties among the evaluated metals and were built and successfully tested to prove the feasibility of the proposal. These designs constitute a novel family of enhanced solar mirrors based on inexpensive metals suitable to substitute silver metals for applications in which high performance is required.
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